[1] A correspondence of the lunar regolith-layer thickness to the lunar digital elevation mapping is proposed to tentatively construct the global distribution of lunar regolith-layer thickness. Using Clementine ultraviolet visible multispectral data, the global spatial distribution of FeO + TiO 2 content on the lunar regolith layer is calculated. Thus the dielectric permittivity of the global lunar regolith layer can be obtained on the basis of the relationship between dielectric permittivity, bulk density, and FeO + TiO 2 content. On the basis of some measurements of physical temperature of the lunar surface, an empirical formula of physical temperature distribution over the lunar surface is presented. On the basis of aforementioned works, brightness temperature of the lunar regolith layer in passive microwave remote sensing, which is planned for the Chinese Chang-E lunar project, is numerically simulated by a three-layer model (the layering dust, regolith, and underlying rock media) using fluctuation dissipation theorem. Taking these simulations with random noise as observations, an inversion approach of the lunar regolith-layer thickness is developed. Because the penetration depth is small for the areas with high FeO + TiO 2 content and at high-frequency channels, for example, 19.35 GHz and 37.0 GHz in Chang-E project, the physical temperature of the top dust layer and the regolith layer can be inverted by the brightness temperature at these high-frequency channels using a two-layer model. Making statistics from those points with high FeO + TiO 2 content along each latitude as the reference points, the temperature variation with latitude can be retrieved. Then the regolith-layer thickness can be inverted by brightness temperature at lower-frequency channels, such as 1.4 GHz or 3.0 GHz. Numerical simulation and the inversion approach make an evaluation of the performance for lunar passive microwave remote sensing and for future data calibration and validation.
Introduction
[2] The uppermost layer of the Moon surface is known as lunar regolith, which consists of fragmented materials such as surface-layer dust, unconsolidated rock material, breccia, glassy fragments, and so on. The average thickness of the regolith layer is about 4 -5 m for maria and about 10-15 m for highlands [e.g., McKay et al., 1991] . Knowledge of the structure, composition, and distribution of the lunar regolith provides important information concerning the lunar geology and resources for future lunar exploration.
[3] Usually, the regolith-layer thickness was estimated by using direct measurement or indirect technique. The direct measurement was carried out during Apollo and Luna missions, for example, using the seismic experiments [Nakamura et al., 1975] at the Apollo 11, 12, and 14-17 landing sites, and the electromagnetic multifrequency probing at the Apollo 17 landing site [Strangway et al., 1975] . The indirect technique was based on examination of impact crater morphology and frequency distribution of the crater diameters. The limits of regolith thickness at Luna 9 and 13 and Surveyor 1 landing sites from the Lunar Orbiter images and laboratory studies of crater morphology were estimated [Gault et al., 1966; Oberbeck and Quaide, 1968; Quaide and Oberbeck, 1968] . Shoemaker et al. [1968 Shoemaker et al. [ , 1969 proposed the cumulative distribution function of regolith thickness using the frequency distribution of crater diameters, and estimated the regolith thickness at Surveyor 7 landing site [Shoemaker et al., 1969] . Basilevsky [1974] used a similar method to find the limits and median values of regolith thickness at the Luna 16, 17, 20, and 21 landing sites. However, all these techniques are localized to certain small areas. Recently, Bondarenko and Shkuratov [1998] and Shkuratov and Bondarenko [2001] proposed a technique for mapping the regolith-layer thickness for large areas by Earth-based radar and optical data, for example, for the lunar nearside. However, quantitative evaluation and mapping global regolith-layer thickness, including the lunar farside, are remained for further study.
[4] A series of high-precision observations of the Moon at wavelengths between 0.4 and 70 cm with the ''artificial moon'' calibration technique were carried out at the Radiophysics Research Institute (NIRFI) [Troitsky and Tikhonova, 1970] . Brightness temperature at wavelengths between 69.8 cm and 406.5 cm at the Arecibo Observatory in 1969 [Salisbury and Fernald, 1971] was observed. In the light of Apollo program findings, the mean global heat flow and the average lunar regolith-layer thickness were studied on the basis of these observations [Keihm and Langseth, 1975a, 1975b] . During 1976 to 1979, some observational programs for high-resolution mapping of the lunar nearside brightness temperature distribution at the wavelengths 3.55 cm and 12.6 cm were carried out [Keihm and Gary, 1979; Keihm and Cutts, 1981; Keihm, 1984] . Owing to the resolution limitation and Earth-based observation, these data are only average brightness temperature of lunar nearside disk at specific observation time. Brightness temperature of the global lunar surface, especially for the lunar farside, is remained for observation of orbiting missions.
[5] Owing to the low dielectric property of the lunar regolith, microwave might penetrate through the lunar surface. Passive microwave remote sensing with low energy consumption is tractable to study of the lunar surface emission [Jin et al., 2003] . Multichannel microwave radiometer in Chinese Chang-E lunar project will be first aboard the lunar exploration satellite, which might provide an opportunity for quantitative study of the global regolith-layer thickness. Multichannels microwave radiometer at 3. 0, 7.8, 19.35, and 37 GHz and 0°observation angle with brightness temperature accuracy about 0.5 K, as a feasible technique, was selected and will be first aboard the satellite of Chinese Chang-E lunar project in 2007.
[6] In this paper, on the basis of currently available digital elevation mapping (DEM) and some measurements of lunar regolith-layer thickness at Apollo landing sites, a correspondence of the lunar regolith-layer thickness to the lunar DEM is proposed to tentatively construct the global distribution of regolith-layer thickness. Using Clementine ultraviolet visible (UVVIS) multispectral data, the global distribution of FeO + TiO 2 content in the lunar regolith layer is calculated. Thus the dielectric permittivity of global lunar regolith layer can be obtained from the relation between dielectric permittivity, bulk density and FeO + TiO 2 content. On the basis of measurements of the physical temperature of the lunar surface, an empirical formula of physical temperature distribution over the lunar surface is presented, and compares well with Vasavada's result [Vasavada et al., 1999] . On the basis of the aforementioned works, multichannel (1.4, 3.0, 7.8, 19.35, and 37 .0 GHz) brightness temperatures of the global lunar surface are numerically simulated by using fluctuation dissipation theorem for a three-layer model (the layering dust, regolith, and underlying rock media) of microwave emission [Jin, 1994] .
[7] Finally, taking simulated brightness temperature with random noise as observations, an inversion approach of the lunar regolith-layer thickness from multichannel brightness temperature is developed, and the relative error in the inversion is analyzed.
Construction of Lunar Regolith-Layer Thickness From DEM
[8] Lunar surface soil consists of surface dust, unconsolidated rock, breccia, glassy fragments, and so on. The regolith layer has been experienced by continuous impacting of large and small meteoroids during long geologic history of the Moon, and its thickness varies from several meters to tens of meters [e.g., McKay et al., 1991] . In general, the regolith-layer thickness correlates with the lunar surface age: the greater the age, the thicker the regolith. However, up to now, the age statistics of whole lunar regolith surface is not yet available. The average thickness of the regolith layer is about 4-5 m for maria and about 10-15 m for the highlands. The highlands altitude is greater than the maria altitude.
[9] Thus we intuitively propose a principle that the location with higher altitude has thicker regolith layer, and thus the spatial distribution of the lunar regolith-layer thickness can be constructed on the basis of the lunar DEM. In the model of this paper, some features such as deep-sided crater walls and lava channels etc. are not in our discussion.
[10] Figure 1 is the lunar surface DEM given by National Aeronautics and Space Administration (NASA) (http://pdsgeosciences.wustl.edu/missions/clementine/gravtopo.html.), where A11, A12, A14, A15, A16, and A17 are the Apollo landing sites and some measurements of the regolith-layer thickness are available [Nakamura et al., 1975] .
[11] Suppose that the regolith-layer thickness is 18 m at the highest area (3.5°N, 159.5°W, 8403.1 m) and 1 m at the lowest area (67.5°S, 177.5°E, À7729.9 m). According to the altitude and measurements (squares in Figure 2 ), a correspondence between the lunar regolith-layer thickness d (meters) and the lunar surface altitude h (meters) is proposed as [12] Table 1 gives the position, topography, altitude, measurements, and simulated regolith-layer thickness from equation (1).
[13] Figure 2 shows a comparison between the fitting curve and measurements. It can be seen that simulated regolith-layer thickness and the measurements are well matched within the permitted error range.
[14] The advantage of equation (1) is that the global regolith-layer thickness including both the nearside and farside can be constructed analytically. As shown in Figure 3 , the red portions are mountains with thick regolith-layer thickness, the highlands take less thickness, and the blue portions in lunar nearside as maria or craters have thin regolith-layer thickness. Shkuratov and Bondarenko [2001] gave the regolith-layer thickness distribution for lunar nearside by using radar and optical data. As for lunar nearside, the average difference between our method and Shkuratov's result is only 1.4 m.
Dielectric Permittivity of the Lunar Surface
[15] Multispectral photometry is one of most important technique for analysis of the lunar chromophore elements, for example, Fe and Ti [Pieters and McCord, 1976; Pieters, 1977 Pieters, , 1978 Jaumann, 1991] . The Clementine mission to the Moon returned global imaging data collected by the ultraviolet visible (UVVIS) camera. Lucey et al. [1995 Lucey et al. [ , 1998 Lucey et al. [ , 2000 developed an algorithm for derivation of FeO and TiO 2 content from five-band multispectral optical data.
[16] The FeO content [Lucey et al., 2000] is determined by
where x 0Fe = 0.08, y 0Fe = 1.19.
[17] The TiO 2 content [Lucey et al., 2000] is determined by
where x 0Ti = 0.0, y 0Ti = 0.42. R 415 , R 750 and R 950 are the reflectance values of a remotely observed location at the wavelength indicated by the subscript.
[18] Using the Clementine UVVIS, five-band digital image model (DIM) of the lunar surface produced by U.S. Geological Survey (USGS) branch of astrogeology at Flag- Figure 2 . Empirical regolith-layer thickness and measurement versus lunar surface altitude. The solid line is the fitting curve between the lunar regolith-layer thickness d(meters) and the lunar surface altitude h(meters) from equation (1). Squares show the measurements of regolithlayer thickness at A11, A12, A14, A15, A16, and A17 landing sites [Nakamura et al., 1975] . The error bars show the error range. staff, Arizona (http://pdsmaps.wr.usgs.gov/maps.html), and equations (2) - (5), the global distribution of FeO + TiO 2 content S (S = FeO + TiO 2 [%]) over the lunar surface is shown in Figure 4 .
[19] It is difficult to properly calibrate the Clementine UVVIS data for lunar poles (latitude greater than 70°) because of the extreme lighting conditions due to lunar topography [Lucey et al., 1998 ]. In this region the FeO content might even be less than 0%, and the TiO 2 content might be too high as 50%. Let us assume that the FeO content is 0% if it is less than 0% (about 7.15% points) and that the TiO 2 content is 10% if it is higher than 10% (about 2.46% points) in those anomalous points. The FeO + TiO 2 content of these anomalous points might not be correct, but it does not affect our methodology of simulation and inversion.
[20] Let e s = e 0 s + ie 00 s represent the dielectric permittivity of the soil particles in the regolith layer. Laboratory studies of lunar regolith show that the real part of dielectric permittivity, e 0 s , is strongly dependent upon the bulk density r (g/cm 3 ) and independent of FeO + TiO 2 content S. Above 1 MHz it is also independent of frequency and temperature variations within the range of lunar surface temperature. The loss tangent tan d (tand e 00 /e 0 ) is strongly dependent upon the bulk density r and FeO+TiO 2 content S and less dependent upon frequency and temperature. Following Carrier et al. [1991] , the dielectric permittivity of the particles in regolith layer, e s = e 
[21] Suppose r = 1.8 g/cm 3 for lunar regolith, it yields the real part e 0 s = 3.23, and the imaginary part e 00 s as shown in Figures 5a and 5b. It can be seen that the imaginary part of dielectric permittivity of lunar surface layer is actually very small because of the silicate materials with extremely low loss and low electrical conductivity. The relatively high value in maria on lunar nearside is due to the abundance of ilmenite.
Physical Temperature Distribution Over the Lunar Surface
[22] Lunar surface absorbs approximately 93% of total energy exposure from the Sun [Barabashev, 1952] . Because there is no atmosphere and water on the Moon, the regolith thermal capacity and heat conductivity are low, and lunar daytime and nighttime are almost about two weeks. The temperature variation from lunar daytime to nighttime is extremely high, for example, from lunar noon 400 K to midnight 110 K. The temperature at lunar noon varies throughout the year because of varying distance from the Sun. The noon temperature increases about 6 K from aphelion to perihelion [Vaniman et al., 1991] .
[23] In general, temperature of the lunar surface layer varies with selenographic latitude and longitude at specific lunar time. The temperature of the lunar surface layer is determined by considering the balance between the incident solar flux, conduction of heat through the subsurface, the reradiation outward and internal energy flux. Table 2 presents the averaged surface temperature given by the Lunar Colony Study Group [Vaniman et al., 1991] . It can be seen that the averaged temperature at the equatorial areas is higher, and its variation is also larger, while the averaged (6) and (7) from Figure 4 ; the bulk density r = 1.8 g/cm 3 is assumed. [Vaniman et al., 1991] .
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temperature in the polar areas is lower and its variation is smaller.
[24] Surface temperature data from the Apollo 15 and 17 heat probes show that the lunar surface layer consists of essentially two layers with different thermal conductivity and bulk density r [Mitchell and De Pater, 1994] : the top dust layer extends about 2 cm depth with the bulk density 1.3 g/cm 3 , and the regolith layer has a bulk density of 1.8 g/cm 3 . Transition between these two layers may not be continuous. The top dust layer is highly insulating and the regolith layer is conductive, which yields a temperature of the top dust layer that is strongly dependent upon solar insolation and a temperature of the regolith layer that is independent of insolation. Therefore temperature variation of the top dust layer is large during lunar day and night, while temperature variation in the regolith layer and underlying rock media are small [Vasavada et al., 1999] . Vasavada et al. [1999] used a numerical technique to solve the onedimensional thermal diffusion equation and obtained the temperature distribution over lunar surface. However, the method of Vasavada et al. [1999] requires the global thermophysical of the regolith, which makes it unreachable and also time-consuming.
[25] Suppose the radiometer is Sun synchronous (as it always is in this case), it means that observations are made at the same lunar local time. Thus the temperature of lunar surface is only dependent on lunar latitude and independent of longitude. We intuitively propose the physical temperature distribution over the lunar surface as a monotonic function of the latitude:
where f is the selenographic latitude, T 0 is the temperature at the subsolar point, and a and b are two unknown parameters to be determined. Equation (8) shows the highest temperature at the lunar equator and lowest temperature at the lunar poles. The benefit of the analytic formula (equation (8)) is fast calculation over each latitude of the lunar surface. We found a very old reference of Barabashev [1952] indicating some physical temperature over the lunar surface at full moon.
[26] As a validation for our intuitive equation (8), Figure 6 shows a comparison of physical temperature distribution along latitude of equation (8) with the experimental data and Vasavada's theory-calculated data from one-dimensional thermal diffusion equation [Vasavada et al., 1999] . Curves 1 and 2 are, respectively, the physical temperature variation with latitude for the top 2 cm dust layer, where T 0 = 405 K, a = 0.24, and b = 4 in curve 1, squares are the experiment data by Barabashev [1952] , and T 0 = 390 K, a = 0.24, and b = 4 in curve 2 and triangles are Vasavada et al.'s [1999] data. Curve 3 is the physical temperature variation of the regolith layer, where T 0 = 250 K, a = 0.35, and b = 4, and upside-down triangles are Vasavada et al.'s [1999] data. It can be seen that our empirical formula is good comparing with both data sources.
[27] We admit that those constructions, including both the lunar regolith-layer thickness and physical temperature, might not be fully justified outside of Apollo sites, especially when more lunar ground truth become available in future. Our purpose is only to make an example of forward simulation to carry out the inversion. As real observations become available, inversion is carried out on the basis of this observation. Also, some influences from lunar surface topography, that is, maria, crater shadowing, etc., are not taken into account.
Simulation of Multichannel Brightness Temperature
[28] A three-layer model, that is, a top dust layer, the regolith layer, and underlying rock media, is shown in Figure 7 . The top dust layer (with a certain depth 2 cm) and the regolith layer are composed of uniformly and randomly dense particles with the mean size about 0.1 mm [e.g., McKay et al., 1991] . Let the subscripts 1, 2 indicate the parameters in the layers of the top dust and regolith, respectively. The following parameters are used in our model:e si , the dielectric permittivity of regolith particulate in the layer i; r i , the bulk density of the layer i; f si , the fractional volume of the layer i; d i , the thickness of the layer i; T i , the physical temperature of the layer i, where i = 1, 2. Let e 3 and T 3 represents the dielectric permittivity and the physical temperature of the underlying rock media, respectively.
[29] The bulk density r i , fractional volume f si of layer i (i = 1, 2) and the specific gravity G are interrelated as [Carrier et al., 1991] 
where r w = 1 g/cm 3 is the density of water, n i = 1 À f si is the regolith porosity of layer i. Figure 6 . Physical temperature variation with selenographic latitude f. Curves 1 and 2 are the physical temperature for the top 2 cm dust layer at full moon; curve 3 is the physical temperature for the regolith layer, which is independent of insolation. Squares are the experiment data by Barabashev [1952] ; triangles and upside-down triangles are theory-calculated data from the one-dimensional thermal diffusion equation [Vasavada et al., 1999] . [30] The effective permittivity of the top dust and regolith layers, e g1 and e g2 , can be calculated using the strong fluctuation theory for randomly dense medium [Tsang et al., 1985; Jin, 1994; Arslan et al., 2001] as follows:
[31] Using the fluctuation dissipation theorem [Tsang et al., 1985; Jin, 1984 Jin, , 1994 Jin, , 2005 for emission from the layered loss media, the zeroth-order p-polarized (horizontal h and vertical v) brightness temperature under observation angle q is written as 
where e 00 gi are imaginary part of e gi , b i h = 1, b i v = k 0 /k, (i = 1, 2, 3), p = h, v, k 0 is the wave number of free space, k 1 , k 2 , k 3 are the wave numbers in the top dust layer (1), regolith layer (2), and underlying rock media (3), respectively, and k iz (i = 1, 2, 3) are the wave number of k i along the z direction, k 00 iz are the imaginary part of k iz . The reflection coefficients between the i-j interfaces are
and the transmission coefficients are
where k 1 = k g1 , k 2 = k g2 .
[32] It can be seen that the first term of the right-hand side (RHS) of equation (11) is the thermal emission T B1 from the top dust layer, the second term is the emission T B2 from the regolith layer, both of which include the directly upward emission, downward and reflected upward emission, and the third term is the emission T B3 from the underlying rock media through the regolith and top dust layers, sequentially.
[33] When the observation angle is at 0°in Chinese Chang-E project, it yields T Bh = T Bv , and equation (11) 
[34] Ground-and spacecraft-based observations, lunar in situ measurements, and return samples show that the nearsurface layers on the Moon are spatially uniform and that Apollo-based thermophysical properties appear to be representative over large scales [Gary and Keihm, 1978; Vasavada et al., 1999] . Therefore, in this paper, we take the parameters d 1 0.02 m, r 1 = 1.3 g/cm 3 , r 2 = 1.8 g/cm 3 , and e 3 = 8.0 + i0.5, and we suppose that they are spatially uniform over the lunar surface. Suppose G = 3.1 [Carrier et al., 1991] , it yields f s1 = 0.42 and f s2 = 0.58 from equation (9).
[35] Owing to the low thermal conductivity of the top dust layer, the temperature variation of the regolith layer and underlying rock media is small, and the lunar inner heat flux is negligible. It leads the assumption that the difference of physical temperature of the regolith layer and underlying rock media is very trivial, that is, T 2 = T 3 . Actually, if the knowledge about this difference is available, extraction of the lunar-regolith-layer thickness might become easier.
[36] From equation (13), brightness temperature T B is dependent upon the physical temperature, fractional volume and dielectric permittivity of scatter particles in each layer i, which are related with the bulk density and FeO + TiO 2 content. Owing to the small value of d 1 of the top layer, the Figure 7 . A three-layer model of the lunar surface layer, that is, a top dust layer, the regolith layer, and underlying rock media.
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emission T B1 is also small. As the loss tangent of the regolith layer increases with S increases, the penetration depth becomes small and the emission from underlying rock media is darken. Meanwhile, if d 2 of the regolith layer increases, contribution from the underlying rock media is also shadowed.
[37] Figure 8a shows brightness temperature T B at five channels (1.4, 3.0, 7.8, 19 .35, and 37.0 GHz) versus the regolith-layer thickness d 2 , where the FeO + TiO 2 content S is 10%. Figure 8b shows that T B at five channels varies with the FeO + TiO 2 content S, where the regolith-layer thickness d 2 is 5 m (average regolith-layer thickness for maria). Suppose the parameters at lunar daytime as T 1 = 400 K, T 2 = 255 K, T 3 = 255 K, and also d 1 = 0.02 m and e 3 = 8.0 + i0.5 in both cases. It can be seen from Figure 8a that T B increases as d 2 increases. In lunar daytime, T B is larger at a higher-frequency channel. As the regolith-layer thickness d 2 increases, T B becomes saturated and shows less sensitivity to the change of d 2 . From Figure 8b it can be seen that T B increases as FeO + TiO 2 content S increases. This is because the loss tangent tan d becomes larger as S increases, and the penetration depth becomes small. Therefore the proportion of thermal emission from the top dust layer becomes larger. As in lunar daytime T 1 > T 2 , the total emission increases. These phenomenons are much more apparent at higherfrequency channels.
[38] Figure 9 shows brightness temperature (T B ) varies with latitude in the pole-to-pole direction along the longitude 0°in lunar nearside at full moon, where squares are the Earth-based observation data by Gary at the NASA DSS-63 tracking station near Madrid, Spain [Keihm and Gary, 1979] . The solid lines are our results from the three-layer model at frequency 8.45 GHz (wavelength is 3.55 cm). Variations of T 1 and T 2 are calculated on the basis of equation (8), where T 0 = 390 K, a = 0.24, b = 4 for the top dust layer and T 0 = 240 K, a = 0.35, b = 3 for the regolith layer. The FeO + TiO 2 content is chosen from Figure 4 at each latitude along longitude 0°. The regolithlayer thickness d 2 for the black, blue, and green lines are constant and 1, 3, and 5 m, respectively, while the regolithlayer thickness for the red line is chosen from Figure 3 at each latitude along longitude 0°. In both the observation data and the theory results, the steeper decrease of T B from equator to pole is dominant by the temperature decrease toward the poles, as it was explain by Keihm and Gary [1979] as the polar cooling phenomena. The theory results of the red, blue, and green lines are almost identical; this is Comparison of brightness temperature between theory results and observations in the pole-to-pole direction along longitude 0°at full moon. The solid lines are the theory results from the three-layer model at frequency 8.45 GHz (wavelength is 3.55 cm), and squares are the Earthbased observation data by Keihm and Gary [1979] at NASA DSS-63 tracking station near Madrid, Spain. The regolithlayer thickness for the black, blue, and green lines are 1, 3, and 5 m, respectively, while the regolith-layer thickness for the red line is chosen from Figure 3 at the correspondence latitude along longitude 0°. Physical temperature variations are calculated on the basis of equation (8), where T 0 = 390 K, a = 0.24, and b = 4 for the top dust layer and T 0 = 240 K, a = 0.35, and b = 3 for the regolith layer. because the brightness temperatures become saturation and show no dependent on d 2 at frequency 8.45 GHz. When d 2 is reduced to 1m, brightness temperature T B becomes unsaturated and shows very sensitive to the FeO + TiO 2 content S, as indicated by the black line. The small departure at the latitude 10°N $ 25°N might be due to very high FeO + TiO 2 content in mare or the higher physical temperature in our model.
[39] Figure 10 shows simulated T B of five channels at lunar daytime when the observation angle 0°, T 0 = 390 K, a = 0.24, b = 4 for the top dust layer and T 0 = 250 K, a = 0.35, b = 4 for the regolith layer, physical temperature variation of the top dust layer and regolith layer are calculated from equation (8). The dielectric permittivity of the top dust layer and the regolith layer are calculated from equations (6) -(7) and the FeO + TiO 2 content distribution in Figure 4 , where r 1 = 1.3 g/cm 3 , r 2 = 1.8 g/cm 3 are assumed. The thickness of top dust layer d 1 0.02 m is assumed and the distribution of regolith-layer thickness d 2 in Figure 3 is used for calculation. [40] It is seen that the brightness temperature for lunar pole areas are low because of the low physical temperature at lunar pole. To see the T B difference near the equator, Figure 11 especially shows T B between 45°N $ 45°S in a simple cylindrical projection.
[41] It can be seen that the maria and small craters with low FeO + TiO 2 content S can be well distinguished at lowfrequency 1.4 GHz and 3.0 GHz, whereas the maria with high FeO + TiO 2 content S or highlands with thicker regolith layer d 2 are not well identified. At higher-frequency channels, the craters become indistinguishable. At a high frequency such as 19.35 GHz or 37.0 GHz, the maria with high FeO + TiO 2 content have higher T B , as indicated by Figure 8b .
Inversion of the Lunar Regolith-Layer Thickness
[42] To make the inversion, equation (13) is simply rewritten as [43] From equations (6) and (7), as the FeO + TiO 2 content S increases, the e 00 g2 of the regolith layer becomes larger, and the penetration depth becomes small. Suppose d 2 = 1.5 m and FeO + TiO 2 content S > 15%, it yields e Àa 2 nd 2 < 0.01 for 19.35 GHz channel and e Àa 2 nd 2 < 0.0001 for 37 GHz channel. Thus it leads e Àa 2 nd 2 % 0 and equation (14) to
at these two channels. Equation (15) is the thermal emission of two-layer model, that is, the top dust and regolith layers; the emission from the underlying lunar rock media becomes neglectable. Assume d 1 0.02 m is a known parameter, then T 1 and T 2 can be determined by
where the subscripts 19 and 37 indicate the values at 19.35 and 37 GHz channels, respectively, and Figure 10 as the observations.
[44] As T 1 and T 2 are known and assume T 3 = T 2 , the regolith-layer thickness d 2 can be inverted from T B at lowerfrequency channels from equation (14):
where
[45] It is noted that unless for the areas with extremely low FeO + TiO 2 content or regolith-layer thickness, the assumption of T 3 = T 2 will not seriously affect the inversion result.
[46] To choose those points with high FeO + TiO 2 content at one latitude as the reference points, physical temperature T 1 and T 2 of the reference points can be determined from equation (17) on the basis of T B of those points at 19.35 GHz and 37.0 GHz channels. Then take the average of T 1 and T 2 for the reference points to represent the physical temperature of all the non-reference points at the same latitude. Repeat this process for all latitudes, physical temperature T 1 and T 2 can be constructed over whole lunar surface.
[47] Adding a random noise n uniformly distributed within [À1 K, 1 K] (which is actually larger than the brightness temperature accuracy of radiometer in Chang-E) to the simulated brightness temperature T Bn in Figure 10 , the observation of brightness temperature is written as T Bn o T Bn + n. After T 1 and T 2 are obtained from T Bn o at 19.35 GHz and 37 GHz of the reference points, T 1 and T 2 of the non-reference points can be obtained by averaging the temperature of the reference points. Finally, the regolithlayer thickness d 2 can be inverted by equation (18) [48] Figure 12 shows the inverted T 1 and T 2 . Taking the equator (f = 0) as an example, there are 572 reference points with FeO + TiO 2 higher than 15%. The average T 1 is 389.1 K and the average T 2 is 250.1 K as comparing with theoretical T 1 = 390 K and T 2 = 250 K. The error of T 1 is sometimes larger, because the denominator in equation (17) is small (about 0.01 $ 0.07) and A v varies from 0.005 to 0.16, B n varies from 0.82 to 0.98.
[49] It is noted that the threshold value of reference point should be high enough in order to obtain precise inversion of T 1 and T 2 . Furthermore, there should be many reference points for good inversion. Also, because a small dust-layer depth is assumed, the error of T 1 will not seriously affect the inversion.
[50] Figure 13 shows the inverted regolith-layer thicknesŝ d 2 (meters) from T B o at 3.0 GHz. Figure 14 shows the relative inversion error jDdj/d 2 , where Dd =d 2 À d 2 .
[51] There are totally 58,9475 points on either lunar nearside and farside surfaces, and total 232155(about 39.4%) points of the nearside and 14173 (about 2.4%) points of the farside with FeO + TiO 2 content higher than 15% are selected as reference points. It can be noted that either of the thick regolith layer for highlands on farside or high FeO + TiO 2 content in maria on nearside can cause large inversion error. As for the area with small regolithlayer thickness and low FeO + TiO 2 content, the inversions are good and the relative errors are small.
[52] By the influence of measurement errors and the noises, for the area with extremely high FeO + TiO 2 content or extremely large regolith-layer thickness, the brightness temperature will be saturated and the regolith-layer thickness cannot be inverted. At 3.0 GHz channel, there are about 20,6092 (about 34.96%) points of the nearside and 21,7605 (about 36.92%) points of the farside, where the layer thickness cannot be well inverted.
[53] The inversion error mainly comes from two parts. One is that brightness temperature becomes saturation owing to extremely high FeO + TiO 2 content or large regolith thickness; the other is the influence by the measurement errors and the random noises. 
Conclusion
[55] The lunar regolith-layer thickness is first tentatively constructed using the correspondence between the lunar DEM and some measurements at Apollo landing sites. Using Clementine UVVIS multispectral data, the global spatial distribution of FeO + TiO 2 content on the lunar regolith layer is calculated, and the dielectric permittivity of the lunar regolith layer can then be obtained from the relation between dielectric permittivity, bulk density and FeO + TiO 2 content. On the basis of some measurements of physical temperature, a monotonic formula of physical temperature distribution is empirically proposed. Upon all these conditions, multichannels (1.4, 3.0, 7.8, 19 .35, and 37.0 GHz) brightness temperature of a three-layer model of the lunar regolith surface is developed and numerically simulated using the fluctuation dissipation theorem.
[56] Taking these simulations with random noise as observation, an inversion method of the lunar regolith-layer thickness is developed. The brightness temperatures at highfrequency channels are used to inverted physical temperature of the top dust and regolith layers from the reference points with high FeO + TiO 2 content. Taking these inverted temperatures as the known parameters, the regolith-layer thickness can be inverted by brightness temperature at the low-frequency channel. Numerical results show that brightness temperature at 1.4 GHz and 3.0 GHz channels can be used to invert the regolith-layer thickness. The inversion error depends on the FeO + TiO 2 content or regolith-layer thickness, when the brightness temperature becomes saturated. There are about 12.44% areas of the nearside and 3.01% of the farside, where the regolith-layer thickness cannot be inverted from 1.4 GHz observations; these points increase to 34.96% of the nearside and 36.92% of the farside for 3 GHz inversion.
[57] Fusion of optical and passive microwave remote sensing is a proper approach for regolith thickness inversion. It can also make an evaluation of future data performance, calibration, and validation.
